Male rose-ringed parakeets (Psittacula krameri) were transferred to a long photoperiod (LP; LD 16:8) or a short photoperiod (SP; LD 8:16) for 45 or 90 days on four dates corresponding to the beginnings of different reproductive phases in an annual testicular cycle, and testicular responsiveness was evaluated by comparison with the testicular volume, weight, seminiferous tubular diameter, and germ cell profiles of birds in a natural photoperiod (NP). Exposure of birds to LP during the progressive phase (November) led to precocious maturation of testes after 45 days, but induced regression at 90 days. After showing retarded gametogenic functions at 45 days, parallel (November) SP birds exhibited an accelerated rate of germ cell formation at day 90. During the prebreeding phase (January), there were no remarkable differences in any features of testes among NP, LP, and SP birds at 45 days, but gonadal involution in LP parakeets and active spermatogenesis in SP birds occurred after 90 days. The testes did not show any response to LP or SP for 45 and 90 days when the birds were transferred to altered photoperiods during the breeding (March) and preparatory (June) phases, indicating that the parakeets were photorefractory for at least 6 months (March through September). The results also suggest that initiation and termination of seasonal gametogenic activity in parakeets are possibly functions of endogenous rhythmicity or extraphotoperiodic environmental factors. Duration of light may have certain influences on the attainment of annual peak in spermatogenesis, but in all probability the species has a low photoperiod threshold for induction of testicular growth.
Reproduction in most species of birds is a seasonal phenomenon, in which gonadal activity is known to be regulated through the interactions of endogenous rhythms and environmental factors (Murton and Westwood, 1977) . The annual cycle of changes in daylength, or photoperiod, serves as a major source of information in the immediate control of annual gonadal cycles in most temperate zone birds that have been studied (Farner and Wingfield, 1978; Famer and Gwinner, 1980; Wingfield, 1983 Wingfield, , 1984 Nicholls et al., 1988 ; Wilson and Donham, 1988) . Despite demonstrations of photoperiodic sensitivity under experimental conditions (Thapliyal, 1981; Chakravorty et al., 1985; Lal and Thapliyal, 1985; Das and Chandola, 1990) , results from studies of several species of subtropical birds are inconsistent. Earlier observations have indicated that Indian weaver birds (Ploceus philippinus), unlike temperate zone birds, do not exhibit a photorefractory phase in the gonadal cycle (Thapliyal and Saxena, 1964a) ; rather, long photoperiods induce gonadal recrudescence in this species (Thapliyal and Tewary, 1964) . The black-headed munia (Lonchura malacca malacca) is known to respond to long as well as short photoperiods (Thapliyal and Saxena, 1964b) ; however, another species of munia (Lonchura punctulata) responds neither to continuous light nor to long daylengths, but shows full testicular growth under photoperiods of less than 6 hr per day (Chandola et al., 1975) . In rosefinches (Carpodacus erythrinus), 12-hr daily photoperiods appear to be as effective in stimulating testicular recrudescence as are long photoperiods (LD 18:6) , and photoperiodic responses are believed to be regulated by circadian rhythms (Kumar et al., 1983) . The only available data on a psittacine bird, the blossom-headed parakeet (Psittacula cyanocephala), suggest that the duration of the available photoperiod possibly constitutes part of the battery of information used in timing reproductive functions (Maitra, 1987a,b) . Ambiguity in cited results and the absence of a unifying concept make it very difficult to draw any conclusion about the photoperiodicity of tropical and subtropical birds in general, and nonpasserine birds in particular (Gwinner and Dittami, 1985) .
The rose-ringed parakeet (Psittacula krameri) is a common psittacine bird in the subtropical zone within a latitudinal range of 20°N to 32°N (Ali and Ripley, 1969) , but the species has received little attention in field or laboratory investigations. In a recent study, we described histological changes in the testes of this bird in relation to the annual climatological variables at latitude 23°14'N, longitude 87°51'E (Dey and Maitra, 1992) . Briefly, testicular growth commences in autumn, and by late February-March the testes develop maximally, reaching a weight of approximately 450-500 mg. Mature testes are maintained for 20-40 days, after which rapid regression occurs. By early May the testes have regressed to near their initial weight of 20-24 mg. Consideration of surrounding climatological factors, however, fails to identify any single component that may act as a synchronizer of the periodic testicular maturation in free-living parakeets. It is also notable that seasonal testicular regression in this species, unlike that in subtropical passerine birds, occurs well before the summer solstice, and the testes remain quiescent for a long time (early April through September). Of particular interest to us is the importance of photoperiod in determining the annual temporal pattern of testicular events in this psittacine bird. In the present investigation, identical photoschedules (LD 16:8 or LD 8:16) were employed for variable durations (45 or 90 days) during different phases of the annual testicular cycle, to explore the nature of testicular responsiveness to photoperiod in male rose-ringed parakeets.
MATERIALS AND METHODS

SELECTION OF EXPERIMENTAL ANIMALS
Adult male rose-ringed parakeets (Psittacula krameri, Neumann; Aves; Psittaciformes; Psittacidae) were used for the present investigation. Adult parakeets are sexually dimorphic, with males exhibiting a rose ring on the throat. This plumage characteristic appears after the first winter and remains unchanged throughout adult life (Ali and Ripley, 1969) . This feature allowed us to select only adult male birds for this investigation.
PROCUREMENT AND PRECONDITIONING OF THE BIRDS
The birds were captured in the vicinity of Burdwan, India (latitude) 23°14'N, longitude 87°51'E) by a professional bird catcher and were supplied to the laboratory within 3-4 days of capture. Subsequently, the birds were maintained in an open-air aviary with food (paddy, Oriza) and water ad libitum for 5-7 days before they were used for experimentation.
Identical photoperiod experiments were performed during four different phases of the annual testicular cycle. Each phase is characterized by distinct germ cell profiles in the testes and has a specific duration (Dey and Maitra, 1992 ). In the &dquo;preparatory&dquo; phase, testes contain only resting spermatogonia (late April-September); in the &dquo;progressive&dquo; phase, formation of primary spermatocytes occurs without further development (October-December); in the &dquo;prebreeding&dquo; phase, sperm formation starts slowly (January-early February); and in the &dquo;breeding&dquo; phase, spermatogenesis peaks (late February-March). During each phase, 37 to 42 birds were used. Details are presented in Figure 1 .
At the onset of each experiment, the birds were laparotomized under Pentothal anaesthesia for in situ measurement of the long and short axes of each testis separately with the use of FIGURE 1. Diagrammatic presentation of the pattern of the annual testicular cycle in rose-ringed parakeets in relation to the duration of the solar day (open area) and night (hatched area) experienced by free-living birds at Burdwan, India (latitude 23°14'N; longitude 87°51'E). Different symbols used at the bottom of the graph signify gross germ cell composition within the seminiferous tubules. Arrows with Roman numerals refer to the dates (viz., June 16, 1988; November 5, 1988; January 4, 1989; and March 16, 1989) when three groups of birds were separately transferred to different photoperiodic regimens: (1) long daily photoperiod (LP; LD 16:8), (2) short daily photoperiod (SP; LD 8:16), and (3) natural photoperiod (NP, varying between 10 hr, 15 min in December and about 13 hr, 30 min in June). The dates corresponded to the beginnings of the preparatory phase (I), the progressive phase (II), the prebreeding phase (III), and the breeding phase (IV) in an annual testicular cycle, respectvely. Reproductive phase was confirmed from the study of three to four randomly selected birds prior to the beginning of each experiment. Key to symbols used at the bottom: smaller dots, spermatogonia; open circles, primary spermatocytes; larger dots, secondary spermatocytes and spermatids; filled circles, mature sperm. a slide caliper. The data were subsequently used for estimating the volume (mm3) of each testis; we employed the formula V6'ITab2, where a = long axis and b = short axis (Saxena et al., 1979) . After the initial body weight of each individual was determined, birds were divided into three groups of equal size and were subjected to exposure to one of the three following photoperiodic regimens:
1. Long photoperiod (LP; LD 16:8, lights-on at 0600 hr). 2. Short photoperiod (SP; LD 8:16, lights-on at 0600 hr). 3. Natural photoperiod (NP), which varied with respect to the season (i.e., from summer solstice of about 13 hr, 30 min to winter solstice of about 10 hr, 15 min), including civil twilight and artificial illumination between 0800 hr and 1600 hr daily.
Artificial illumination in each case was provided with a horizontally placed 40-W white fluorescent lamp in a chamber measuring 2.0 m x 0.70 m. Other environmental conditions, including ambient temperature and humidity, were identical in the different groups of birds.
Half of the total number of birds (no fewer than 6) in each group during each phase of investigation were sacrificed after 45 days, and the rest were sacrificed after 90 days of the treatment.
ANALYSIS OF TESTICULAR CONDITION
After termination of each experiment, the parakeets were sacrificed between 1400 hr and 1600 hr by cervical dislocation. After final body weight of each bird was determined, the testes were promptly removed from the abdomen. The long and short axes of each testis were measured with the use of a slide caliper, as noted above. The testes were freed from extraneous tissues, soaked on blotting paper, and individually weighed to the nearest 0.01 mg. The mean paired testicular weight of the birds in each group was used for evaluation of gonosomatic index (i.e., paired testicular weight mg/100 g body weight). The left testis of each bird was fixed in aqueous Bouin's fluid, dehydrated in graded alcohols, and embedded in paraffin wax; 5-f.Lm-thick sections were then cut for subsequent staining with Masson's trichrome stains (Lillie, 1954) . The stained sections of testes were used for the following histometric and quantitative cytological techniques:
1. Measurement of seminiferous tubular diameter. Diameters of 50 more or less round seminiferous tubules were measured at x 150 with a calibrated ocular micrometer to obtain the mean value for an individual (Maitra and Ghosh, 1981; Maitra, 1986 Maitra, , 1987a .
2. Evaluation of gametogenic status by spermatogenetic index. In about 150 sections of seminiferous tubules in the testis of each bird, the percentages of tubules containing the most advanced germ cells were determined. The mean value was used as the spermatogenetic index in each individual bird (Patzner, 1977; Maitra and Ghosh, 1981; Maitra, 1986 Maitra, , 1987a .
STATISTICAL ANALYSIS
A two-tailed Student's t test (Snedecor, 1957) was employed for statistical analysis of the data collected from each experimental and appropriate control group of birds.
RESULTS
No significant differences in body weight were recorded between experimental and control groups at any time point. However, testicular responsiveness to a particular photoperiod varied in relation to the reproductive phase of the annual testicular cycle.
RESPONSE TO ALTERED PHOTOPERIODS DURING PREPARATORY PHASE
Exposure to LP (LD 16:8) or SP (LD 8:16) for 45 days or 90 days did not cause any significant change in the volume and the weights of the testes or in the diameter of seminiferous tubules (Fig. 2) . The seminiferous tubules of each of the experimental groups contained only resting spermatogonia and showed essential features of quiescence.
RESPONSE TO ALTERED PHOTOPERIODS DURING PROGRESSIVE PHASE
Exposure to LP resulted in precocious maturation of testes after 45 days of treatment. In comparison to the initial value, the volume of the testes increased (p < 0.001; Fig. 2 ). The paired testicular weights and seminiferous tubular diameters were significantly increased in LP birds after 45 days, compared to those in NP birds (Fig. 2 ). While primary spermatocytes were the most advanced germ cells in the seminiferous tubules of NP birds (Figs. 3, 4) , mature sperm were present in more than 80% of the tubules in the testes (Figs. 3, 5 ) of 45day LP birds. However, during a subsequent 45 days of exposure to LP, the testes returned to an unstimulated state (Figs. 2, 3 ).
Exposure to SP for 45 days did not result in any statistically significant change in testicular volume, weight, and seminiferous tubular diameter (Fig. 2 ) as compared to those in birds held in NP for the same period of time. It was notable that after 45 days of treatment, the seminiferous tubules in NP birds showed primary spermatocytes as the most advanced germ cells (as noted above), whereas most of the tubules in the testes of SP birds contained resting spermatogonia (Figs. 3, 6 ). On the contrary, combined testicular volume increased from initial values; in addition, secondary spermatocytes and spermatids were found in at least a few (7.11 ± 4.04) seminiferous tubules of SP parakeets at day 90 (Fig. 3 ).
RESPONSE TO ALTERED PHOTOPERIODS DURING PREBREEDING PHASE
After 45 days, the testicular volume in each group of birds increased significantly (p < 0.025) over the initial value (Fig. 2) , and the values of testicular weights and seminiferous tubular diameters did not show any statistical difference among the NP, LP, and SP birds (Fig. 2 ). However, 90 days of exposure to LP caused reduction in testicular volume to initial values (Fig. 2) , and also significant decreases in the paired testicular weights and seminiferous tubular diameters, compared to those in NP parakeets. While seminiferous tubules in the testes of NP birds showed all the stages of spermatogenesis (Fig. 7) , the most striking feature of germ cell condition in the testes of LP birds after 90 days was the absence of any advanced stage beyond the resting spermatogonia and the appearance of cellular debris in many tubules FIGURE 2. Schematic presentation of the numerical values (means ± SEs, in vertical bars) of combined testicular volume (I), paired testicular weight (II), and seminiferous tubular diameter (III) in NP, LP, and SP birds at 0 (only testes volume), 45, and 90 days of exposure during the preparatory (A), progressive (B), prebreeding (C), and breeding (D) phases of the annual testicular cycle in rose-ringed parakeets. Superscripts on the vertical bars represent level of significance: a, p < 0.02; b, p < 0.01; c, p < 0.005; d, p < 0.025; e, p < 0.001. Levels of significance for testes volume were calculated by comparing values to the initial values of the same group, while for other variables the values were compared to those of the respective NP groups. (Fig. 8 ). On the other hand, the testes in 90-day SP birds exhibited all the features of stimulation, including significant increase in volume, weight, seminiferous tubular diameter (Fig. 2) , and relative percentage of seminiferous tubules containing matured sperm (Figs. 3, 9) . RESPONSE TO ALTERED PHOTOPERIODS DURING BREEDING PHASE Spontaneous testicular regression was observed in each group of birds, regardless of their photoperiodic experience, at 45 days. The volume of testes decreased significantly (p < 0.001) from the initial values (Fig. 2) . No significant differences in the testicular weights and seminiferous tubular diameters (Fig. 2) among the groups were observed at this time. The germ cells in the seminiferous tubules in each bird were represented by only resting spermatogonia (Fig. 3) . The testes of parakeets that remained in NP, LP, or SP throughout did not change significantly between days 45 and 90 (Fig. 2) . FIGURE 3. Histograms representing mean ( ± SEs, in vertical bars) percentages of seminiferous tubules containing spermatogonia, primary spermatocytes, secondary spermatocytes and spermatids, and mature sperm as the most advanced germ cells in the testes of NP, LP, and SP rose-ringed parakeets after 45 days and 90 days of treatment during the preparatory, progressive, prebreeding, and breeding phases of the annual testicular cycle. Section of testis of an NP bird, showing active spermatogenesis when held during the prebreeding phase (January) and studied 90 days thereafter. FIGURE 8 Regressed semmterous tubules containing resting spermatogoma and cellular debris (at least a few) are seen in the section of testis in a January 90-day LP bird FIGURE 9 Different stages of spermatogenesis are seen within part ot a seminiterous tubule in the testis of a January 90-day SP parakeet DISCUSSION The results of identical photoperiodic experiments during different phases of the annual testicular cycle in rose-ringed parakeets indicate that the photoresponsiveness of the species varies in relation to sexual status. We also studied body weight of experimental birds, but could not find any change at any time points. This underlines the fact that the nutritional status of the parakeets was free from the influences of photoperiod (Street, 1975) . Since other environmental factors remained identical in NP, LP, and SP birds, it appears that testicular responses, whenever detected, in the experimental groups resulted from the influence of photoperiod.
It was notable that none of the photoschedules employed in this research induced spermatokinesis when the testes were gametogenically inactive (during the preparatory phase). Similarly, the temporal pattern of postbreeding testicular regression was not affected by changes in photoperiods. This was evident from the experiment in which spermatogenetically active parakeets (during the breeding phase) were transferred to LP or SP, but &dquo;spontaneous&dquo; gonadal regression occurred in each case. We may, therefore, assume that gametogenic recovery from the phase of quiescence and postbreeding collapse of the testes are essentially not under photoperiodic control; rather, these two major testicular events occur when the birds become photorefractory. Since its first experimental demonstration in Passer domesticus (Riley, 1936) , photorefractoriness as an important stage in the annual reproductive cycle has been well studied in a number of birds, including male mallards (Lofts and Coombs, 1965), white-crowned sparrows (King et al., 1966) , house finches (Hamner, 1968) , English house sparrows (Murton and Westwood, 1977) , canaries (Storey et al., 1980) , willow ptarmigans (Stokkan and Sharp, 1980) , Japanese quail (Robinson and Follett, 1982) , starlings (Dawson and Goldsmith, 1983) , and blossom-headed parakeets (Maitra, 1987b) . However, absence of photorefractoriness has been reported in subtropical weaver birds, for which artificial long days were found to prevent seasonal testicular involution (Thapliyal and Saxena, 1964a) , and also to induce gonadal recrudescence (Thapliyal and Tewary, 1964) . Nevertheless, studies on common Indian rosefinches (Kumar and Tewary, 1982) and migratory red-headed buntings (Lal and Thapliyal, 1985) have indicated the presence of photorefractoriness among some of the low-latitude birds. It has been demonstrated that gonadal photorefractoriness can be &dquo;relative,&dquo; as when photorefractory birds still respond to photoperiods longer than those under which they became photorefractory, or &dquo;absolute,&dquo; as when the birds require exposure to short photoperiods to regain photosensitivity (Nicholls et al., 1988) . Although features of &dquo;relative&dquo; photorefractoriness were not tested in the present investigation, we cannot rule out the possiblity that at the end of the breeding season the parakeets had become absolutely photorefractory, because the birds failed to respond to longer photoperiods (LD 16:8) than those (about 12 hr) experienced by the NP birds in showing seasonal gonadal regression. This study also supports the conjecture that seasonal breeding is terminated by the development of photorefractoriness (Robinson and Follett, 1982) . Though the functional etiology of the photorefractoriness remains substantially enigmatic (cf. Nicholls et al., 1988; Wilson and Donham, 1988) , the concept that has been supported by experimental studies on a number of birds is that photorefractoriness is initiated and maintained by a testosteroneindependent, but otherwise unidentified, mechanism (Mattocks et al., 1976; Storey et al., 1980; Dawson and Goldsmith, 1983; Wilson, 1986) . The duration of photorefractoriness is reported to be species-specific (Murton and Westwood, 1977; Nicholls et al., 1988) . The current investigative schedules allowed us to surmise that in an annual testicular cycle the parakeets become photorefractory sometime during the breeding phase (March) and appear to remain in this state until the end of the preparatory phase (September). Thus, in all probability, the duration of photorefractoriness in rose-ringed parakeets, like that in another psittacine bird (Maitra, 1987b) , may be not less than 6 months. Further studies are required to provide more precise information on the duration of the photorefractory phase.
The finding that the parakeets' testes showed a stimulatory response to LP for 45 days during the progressive phase (November) suggests that this species, in common with many of the temperate birds studied (Murton and Westwood, 1977; Wilson and Donham, 1988) , possesses the physiological machinery to become photosensitive, at least during a certain phase of the annual gonadal cycle. The retarded gametogenic process in the testes of parallel (November) SP birds also suggests the use of photoperiods for attaining seasonal sexual maturity. It is important to note that exposure to LP for 90 days during both the progressive (November) and prebreeding (January) phases resulted in an early postbreeding testicular collapse. Similar testicular responsiveness to prolonged exposure to stimulatory daylengths has been reported for many other photoperiodic birds, such as red-billed queleas (Lofts, 1962) , rosy finches (King and Wales, 1965) , house sparrows (Middleton, 1965) , whitecrowned sparrows (Follett et al., 1975; Lewis, 1975) , and male mallards (Storey and Nicholls, 1978) . In these species, testicular regression in long days is evidence that the birds, after showing an initial stimulatory response to a long photoperiod, become photorefractory (Wilson and Donham, 1988) . On the other hand, the features of steady-state growth and development of testes even under a short photoperiodic regimen for 90 days during the progressive and prebreeding phases of the annual cycle may be understood on the assumption that (1) photoperiodic threshold of the species is low, as noted in many north temperate birds (Murton and Westwood, 1977) ; or (2) testicular maturation in birds maintained for a long time in short photoperiods may be the cumulative effect of the total number of photoperiods experienced by the birds during the experiment (Farner, 1958; Wolfson, 1966; Lal and Thapliyal, 1985) ; or (3) development of testes under relatively short daily photoperiods is the function of a crude quasi-annual endogenous timer (Benoit et al., 1955; Benoit, 1961; Middleton, 1965; Gwinner, 1971; Gwinner and Dittami, 1985) .
In light of the information gathered from the present study, it may be concluded that possibly two critical events, initiation and termination of seasonal breeding activity in male parakeets, are not exclusively under the control of the solar day. The species may employ only a restricted portion of the annual photocycle in the regulation of sexual activity, becoming photorefractory before daylength increases to 11.5 hr and remaining so until the natural photoperiod decreases to 10.6 hr. As a tentative hypothesis, it may be suggested that in this subtropical species, the duration of the daily photoperiod may be an entraining agent or &dquo;zeitgeber&dquo; (Aschoff, 1954) for an endogenous circannual periodicity in the regulation of testicular function. ACKNOWLEDGMENTS We are thankful to Mr. S. S. Sarkar for his able technical assistance throughout the period of investigation. The financial assistance of the University of Burdwan through a Senior Research Fellowship to Mamata Dey is gratefully acknowledged.
